We have examined the space distribution of IRAS sources in the Galaxy paying attention in particular to the difference between oxygen-rich and carbon stars. The sample consists of about 70 000 sources with good quality photometric data both at 12 and 25 µm. Sample sources are mostly post main sequence stars. Oxygen-rich asymptotic giant branch stars show the highest stellar density at the Galactic center. The density decreases with the increase in the Galactocentric distance. On the other hand, carbon stars show a uniform density distribution within about 3.6 kpc of the Sun. Thus the ratio of carbon stars to oxygen-rich asymptotic giant branch stars increases with the increase in the Galactocentric distance within the range between about 5 and 12 kpc.
Introduction
There are two types of asymptotic giant branch (AGB) stars; oxygen-rich (O-rich) AGB stars and carbon stars. It is generally assumed that ordinary carbon stars are created from O-rich AGB stars when carbon atoms are dredged up from the core by the deep convective envelope developed after a helium shell flash. It is also known that the space distribution of O-rich AGB stars is different from that of carbon stars in the solar neighborhood. The difference in the space distribution between carbon stars and O-rich AGB stars means that the fraction of O-rich AGB stars which evolve into carbon stars varies depending on the location in the Galaxy. The evolutionary process on the AGB is probably affected by various factors. It is interesting to investigate the space distribution of carbon stars extensively and compare it with that of O-rich stars to clarify the cause of the difference in the space distribution. Blanco (1965) first reported the difference in the space distribution between O-rich stars and carbon stars. He reported that while the stars of type M 2 to M 4 appear to increase in number toward the Galactic Center (GC), carbon stars do not show a preference for the GC. Claussen et al. (1987) examined the space distribution of 215 carbon stars taken from the Two Micron Sky Survey (TMSS) (Neugebauer & Leighton 1969) . Although their sample is not complete in the range of −90
• < l < 0 • because of the lack of TMSS for this region, they reported a rather uniform distribution of carbon Send offprint requests to: K. Noguchi, e-mail: knoguchi@optik.mtk.nao.ac.jp stars within 1.5 kpc of the Sun. Thronson et al. (1987) examined 619 carbon-rich objects selected within certain color ranges on the two-color diagram based on the IRAS (InfraRed Astronomical Satellite) data. They reported that the number density of carbon-rich objects shows no Galactocentric gradient within about 5 kpc of the Sun despite the remarkable gradient of the number density of O-rich stars. Jura & Kleinmann (1990) also reported that there is no gradient in the space distribution of the 126 very dusty carbon stars within about 2.5 kpc of the Sun. All these works have shown the difference in the distribution between O-rich stars and carbon stars. However, they are based on small samples of carbon stars that cover only fairly limited areas in the Galaxy. It should be noted that the area covered by Thronson et al. (1987) turned out to be much smaller than that estimated by them (see Sect. 4 
.3).
We have attempted to examine the space distribution of post main sequence (Post-MS) stars as extensively as possible by using IRAS sources paying attention in particular to the difference between carbon stars and O-rich stars. IRAS, launched in 1983, surveyed about 96% of the sky at 12, 25, 60, and 100 µm and reported photometric data of about 250 000 point sources. Approximately 65% of the sources detected are stars (Beichman 1987) . The majority of these stars are in the stage of Post-MS evolution. Since it is required to analyze as many stars as possible for better statistics and to reach as large a radius of space as possible, we selected IRAS sources with good quality photometric data both at 12 and 25 µm. Team (1986) reported the LRS for 5425 bright sources (the LRS sources). The LRS sources can be divided into groups of sources with different spectral characteristics.
We classified the LRS sources into 7 groups on the basis of the Automatic Classification (Cheeseman et al. 1989) . Cheeseman et al. (1989) classified the LRS into 9 classes (α, β, γ, δ, , ζ, η, θ, and λ class) and further divided into subclasses, and described source counts, source types, and the spectral quality for respective subclasses in their catalogue. Subclasses and θ class containing only sources with noisy spectra are rejected from the present analysis. The η and ζ classes are united as one group, because sources in both classes are similarly characterized by the 10-µm silicate absorption feature. Other autoclasses are adopted as individual groups. Accordingly we divided the LRS sources into 7 groups. The numbers of sources for respective groups are shown in Fig. 1 Characteristics of respective groups are described briefly in the following. Most O-rich stars are classified into the following 4 groups. Carbon stars are rare in these groups.
-1: δ class; The LRS are featureless. Sources in this group are almost free of circumstellar dust emission. -2: β class; The LRS show silicate emission features at 10 and 18 µm. Sources in this group are generally surrounded by optically thin circumstellar dust envelopes (CDEs). -3: class; The LRS show silicate emission features superposed on some self-absorption. Sources in this group are associated with CDEs with medium optical thickness. -4: η-ζ class; The LRS show a silicate absorption feature at 10 µm. These sources are surrounded by optically thick CDEs.
While there is a gap between the mean [12]−[25] value of the δ-class sources and that of the β-class sources, the β, , 
Galactic longitude distribution
In this section we discuss the Galactic longitude distribution of IRAS sources. IRAS sources with good quality photometric data both at 12 and 25 µm were selected as the sample. For sources with good quality data also at 60 µm, the sources with [12]−[60] > 4 mag were rejected (4284 sources) because most of them are not stars (Noguchi et al. 1993 ). The total number of sources selected in this way is 67 283. 
Longitude distribution of IRAS sources

Red sources
The red sources contain the β-, -, η-, ζ-, and λ-class sources as shown in distances much farther than the thickness of the Galactic disk. Such a difference of the r dependence is an indicator that distinguishes between nearby sources and distant ones. In this context the thickness of the Galactic disk is a typical scale to distinguish the two sources. To check this presumption, the number of sources brighter than a given magnitude at 12 µm for the LRS sources is shown in Fig. 3 . Only the δ-class sources are well fitted by the r 3 dependence in the range of [12] < 1 mag instead of the r 2 dependence which is suitable for other classes of sources. Thus the δ-class sources are mostly nearby stars. Since the δ-class sources identified with visible sources are dominated by K-or (early) M-type giants, the r 3 dependence reflects the distribution of nearby late-type giants. On the other hand, the r 2 dependence suitable for other classes means that we are observing sources distributed up to the distances farther than the thickness of the Galactic disk. Figure 4 shows a diagram similar to Fig. 3 (Wainscoat et al. 1992) , for example, we would assume that nearby means sources within 300 pc to 600 pc of the Sun. Fig. 5d ) is characterized by the concentration towards the Galactic plane, which can not be seen for nearby stars, with almost flat longitude dependence. Although Fig. 2a shows the deficiency of sources in the GC direction, the distribution of the sources in Fig. 5 does not show such a tendency. The difference is due to the contribution of faint sources with [12] > 3 mag in Fig. 2a . This is due to source confusion effects as IRAS scanned across the Galactic plane.
Two types of longitude distribution
We found that the density of O-rich AGB stars shows strong longitude dependence. The density is highest in the GC direction and decreases toward the anti-center direction. On the other hand, there is another type of source that shows almost flat longitude dependence. The latter sources can be divided further into two groups. One is the group of nearby stars which is distributed in the wide latitude range, and the other is the group of sources dominated by carbon stars which is distributed in the relatively narrow latitude range. Thus we conclude that the longitude distribution of carbon stars is different from that of O-rich AGB stars.
To investigate the difference in the actual space distribution, distance estimation for individual sources is essential. We try to estimate distances of our sample in the next section.
Space distribution of IRAS sources
Projection onto the Galactic plane: O-rich AGB stars
In Sect. 3, the source distribution was discussed on the l−b plane. In this section, we examine the space distribution of sources projected onto the Galactic plane by estimating distances of sources. Our discussion starts from how distances are evaluated. IRAS sources with good quality photometric data both at 12 and 25 µm are generally detected within the faintest limit of about 4.5 and 3. Galactic bulge is clearly seen in Fig. 2d , the sample sources with 1.6 ≤ [12]−[25] < 3.0 mag are probably detected up to the distance of the GC. Accordingly we identify this maximum density at [12] 2.5 mag with the highest stellar density at the GC. Habing et al. (1985) have discussed the stars in the bulge of the Galaxy detected by IRAS. They reported that the mean 12 µm flux density of the sources defining the bulge is about 2.3 Jy ([12] = 2.73 mag) within the color range of 1.12 < [12]−[25] < 2.31 mag. Thus our assumption of the magnitude at 12 µm at the GC ([12] = 2.5 mag) is 0.23 mag brighter than the value by Habing et al. (1985) but the difference is not large.
On the basis of the above assumption, we obtain the mean magnitude of IRAS sources with [12]−[25] = 2 mag to be 2.5 mag at 12 µm when they are at the GC. The 2.5 mag at the GC (8.5 kpc from the Sun) corresponds to the absolute magnitude of −12.1 mag.
By using this mean absolute magnitude at 12 µm, we calculate distances of individual sources by comparing them with apparent magnitudes. Since the luminosity and the fraction of the energy radiated at 12 µm both depend on the color of sources, the absolute magnitude assumed at 12 µm depends on [12]−[25]. However, we assume that −12.1 mag is applicable for sources with [12]−[25] > 1.6 mag because the density maximum in Fig. 6 appears to be at [12] 2.5 mag in this color range. We also assume that −12.1 mag is applicable both for bulge and disk stars. With the reluctant assumption of a monochromatic luminosity for all the sources in this color range, the estimated statistical distances include inevitable errors. This is the main uncertainty in our analysis which distorts the actual space distribution.
We tentatively evaluate the distances of all the sample sources by assuming the absolute magnitude at 12 µm to be −12.1 mag also for sources with The distance scale is given as that from the Sun by assuming that all the sources have the same absolute magnitude (−12.1 mag) at 12 µm. The GC is to the right from the Sun. In Fig. 7d , (1, 0) point corresponds to the GC. However, in Figs. 7a−c, (1, 0) points are nearer than the GC because the actual absolute magnitude is fainter than −12.1 mag at 12 µm in these color ranges (see the text).
plane are shown in Fig. 7 Fig. 7d . Although the high source density area in Fig. 7d is elongated along the radial direction from the Sun, this elongation is not real but is probably due to the dispersion of the absolute magnitudes of individual sources. Despite the difference of the distance scale, all the distributions in Figs. 7b-d are interpreted as similar ones showing the highest source density at the GC and we are detecting sources with increasing depth from the Sun in the order from Figs. 7b to 7c and then to 7d. These distributions reflect the space distribution of O-rich AGB stars.
Although the actual distance scale is not evaluated, the source distribution in Fig. 7a appears to be different from those in Figs. 7b-d as expected from the difference in the longitude distribution discussed in Sects. 3.2 and 3.3.
Uniform distribution of carbon stars
As discussed in Sect. 3.3, we propose that the distribution of sources with 0. (Noguchi et al. 1981 (Noguchi et al. , 1991 2 ) are evaluated by assuming that all these sources have flux maxima at 1.5 µm. The assumed model spectrum is rather similar to the blackbody spectrum with a temperature of about 2000 K. But our model spectrum gives 23% larger TREs for a given 12 µm fluxes than those based on the blackbody spectrum. Thus the calculated distances based on our model spectrum give about 11% smaller values than those when based on the blackbody spectrum. The TREs (W/cm 2 ) and the 12 µm fluxes (λF λ : W/cm 2 ) are correlated as follows: TRE = 38 λF λ (12 µm). Mikami (1975) has evaluated the bolometric magnitude (M bol ) of N-type carbon stars to be −5.23 mag, corresponding to 10 000 L . Groenewegen et al. (1992) have assumed M bol = −4.9 mag (L = 7070 L ) to derive distances of carbon stars. Jura & Kleinmann (1990) and Guglielmo et al. (1993) have adopted 10 000 L for carbon stars with high mass loss. Among these works carbon star luminosity is estimated or assumed in the range between 7000 L and 10 000 L . We assume 7000 L for our distance estimation. This luminosity corresponds to the absolute magnitude of −9.8 mag at 12 µm when based on our model spectrum. The space distribution projected onto the Galactic plane is shown in Fig. 8a for sources which satisfy both 0.3 < [12]−[25] ≤ 0.4 mag and [12] ≤ 3 mag. These sources are distributed uniformly within the area about 3.6 kpc of the Sun. If interstellar extinction (A v ) is 1 mag/kpc within 3.6 kpc of the Sun, the distance limit still reaches 3.4 kpc when we assume the extinction at 12 µm is 0.037 A v (Rieke & Lebofsky 1985) . Although the distance limit of 3.6 kpc may not be very accurate, the area is likely to reach at least 3 kpc from the Sun. On the other hand, the distance limit probably does not reach the GC, because about 40 000 L is required for carbon star luminosity to reach the GC even if we neglect the interstellar extinction. Thus the distribution of carbon stars near the GC is not clarified by the present analysis. In Fig. 8b we show the case of O-rich AGB stars in Fig. 7d again with the same scale as that in Fig. 8a for comparison. Since O-rich AGB stars show a clear density increase toward the GC, we conclude that the space distribution of carbon stars is quite different from that of O-rich AGB stars within a radius of 3.6 kpc from the Sun.
The space density of carbon stars projected onto the Galactic plane can be estimated on the basis of our results. By assuming that 60% of 2250 IRAS sources with 0.3 < [12]−[25] ≤ 0.4 mag are carbon stars distributed within radius of 3.6 kpc from the sun, the projected space density is evaluated to be 33 stars/kpc 2 . However this value should be a lower limit because many carbon stars are outside this color range. We try to estimate the total space density of all carbon stars based on the ratio of carbon stars within the range of 0.3 < [12]−[25] ≤ 0.4 mag to those outside this range in two ways using two different groups of carbon stars. One is based on LRS sources classified into the α-class. There are 476 α-class sources with good quality photometric data both at 12 and 25 µm. Among them, 60 stars are in the range of 0.3 < [12]−[25] ≤ 0.4 mag. By using this ratio the space density of all carbon stars is estimated to be 263 stars/kpc 2 . Here all the α-class sources are assumed to have the same absolute magnitude at 12 µm. This value also should be a lower limit because some carbon stars are classified into classes other than α class (e.g. λ class). The other method is based on carbon stars in GCCS2. Among 5987 carbon stars listed in GCCS2, 2032 stars are identified as IRAS sources with good quality photometric data both at 12 and 25 µm and 400 stars are within the range of 0.3 < [12]−[25] ≤ 0.4 mag. The total space density of carbon stars is estimated to be 168 stars/kpc 2 by extrapolating on the basis of carbon stars in GCCS2. Since most of the carbon stars in GCCS2 are identified based on optical spectra, red carbon stars are not complete. Thus 168 stars/kpc 2 is also a lower limit. Since the process to extrapolate to the total space density of all carbon stars contains a large uncertainty, the discrepancy between two values estimated based on two different samples is fairly large. However, the total space density of all carbon stars is likely to be much higher than that estimated by Claussen et al. (1987) 
Comparison with other works
It is already known that carbon stars show rather uniform space distribution in the solar neighborhood. Papers reported by Claussen et al. (1987) , Thronson et al. (1987) , and Jura & Kleinmann (1990) report the space distribution of relatively bright carbon stars. In this section we compare our result with those reported in these papers. All or most of the sample stars in these papers are true carbon stars, while our sample may include about 40% contamination. All the sample stars in the paper by Claussen et al. (1987) are visually identified true carbon stars and those of Thronson et al. (1987) are estimated to contain only about 7% contamination. Sources of Jura & Kleinmann (1990) are mostly carbon stars with spectroscopic evidence. Claussen et al. (1987) reported that carbon stars show a uniform distribution within about 1.5 kpc of the Sun. They evaluated the distances of 215 carbon stars in the TMSS by assuming that the absolute magnitude of all their sample stars is −8.1 mag at K band. Most of their stars show similar colors to those of our samples. If we assume our model spectrum of carbon stars for their samples, −8.1 mag at K corresponds to the luminosity of 8800 L . Thus their distances are systematically 1.12 times larger than our estimation. Therefore, our distance limit is about 2.7 times larger than that by Claussen et al. (1987) . Thronson et al. (1987) examined the distribution of 619 carbon-rich objects in the Galaxy. Their sample is selected from IRAS sources with good quality photometric data at 12, 25, and 60 µm. 35 mag) , the majority of their sample sources are in the color range similar to that of our sample. They reported that their carbon-rich objects are distributed uniformly in the Galaxy up to the distance of about 5 kpc from the Sun by assuming that all their sources have the same luminosity at 12 µm (L 12 = 3 × 10 9 Jy pc 2 ). However, their distance limit should be considerably overestimated. If we estimate their luminosity by using our model spectrum with the flux maximum at 1.5 µm, it corresponds to about 70 000 L , which is the absolute magnitude of −12.3 mag at 12 µm. This luminosity should be too high for the typical luminosity of carbon stars. If we assume 7000 L for their sample sources to compare their distance scale with ours, their distance limit is about 1.6 kpc from the Sun. Accordingly our distance limit is about 2.2 times larger than that by Thronson et al. (1987) .
Thus, the present work demonstrates the distribution of carbon stars more extensively than the works by Claussen et al. (1987) and Thronson et al. (1987) , though our sample includes a rather large amount of contamination.
While the works by Claussen et al. (1987) and Thronson et al. (1987) discussed the space distribution of carbon stars with the similar color to our carbon star sample, Jura & Kleinmann (1990) Thus their sources are mostly redder than our carbon star sample. They estimated distances of sources by comparing the TRE evaluated on the basis of the IRAS 12-µm flux (TRE = 4.1 λF λ (12 µm)) with an assumed luminosity of 10 000 L . Since the color range of their sample is different from that of our sample, it is difficult to compare their distance scale accurately with ours, because both the bolometric correction and the luminosity should be different from ours. It is interesting that very dusty carbon stars also show a uniform space distribution, although the number of their sample is quite limited.
Discussion
While the number density of the O-rich AGB stars decreases with the increase in the galactocentric distance (Rg), carbon stars show the uniform distribution projected onto the Galactic plane within the area about 3.6 kpc of the Sun. This suggests that the difference in the space distribution between O-rich AGB stars and carbon stars is not limited only in the solar neighborhood but also on the extensive scale of the Galaxy. The result of this study enables us to discuss the ratio of carbon stars to O-rich AGB stars on the scale of the Galaxy.
The behavior of the ratio of carbon stars to M-type stars (C/M ratio) in M 31 is qualitatively similar to our result. Brewer et al. (1995) have examined the C/M ratio for five fields in M 31 spanning the Rg (M 31) (distance from the center of M 31) from 4 to 32 kpc along the semi-major axis. They reported that the C/M ratio increases smoothly with the Rg (M 31). The similarity between the Galaxy and M 31 indicates that the higher C/M ratio prefers the larger Rg generally among this type of spiral galaxies.
What are the important factors that determine the C/M ratio? The metallicity, especially oxygen abundance, is proposed as a strong candidate because carbon atoms dredged up from the stellar core affect the C/O ratio in the atmosphere more effectively for the atmosphere with less oxygen abundance. Actually, combining data from various external galaxies (LMC, SMC, IC 1613, NGC 55, NGC 300, NGC 6822, M 31, and M 33), Pritchet et al. (1987) reported that the C/M ratio has a correlation with the metallicity, in the sense that higher C/M ratios appear in lower metallicity environments.
The Rg (M 31) dependence of the C/M ratio in M 31 was compared with that of the metallicity by Brewer et al. (1995) . They reported that the metallicity in M 31 decreases smoothly with the increase in the Rg (M 31) and that the C/M ratio is inversely correlated with the metallicity.
For our Galaxy, Smartt & Rolleston (1997) reported the distribution of oxygen abundance on the basis of the spectroscopic data of early B-type stars and derived the gradient of −0.07 ± 0.01 dex kpc −1 within 6 < Rg < 18 kpc. Rolleston et al. (2000) reported that the abundances of C, N, Mg, Al, and Si also show similar gradients to that of oxygen, indicating the decrease in metallicity with an increase in the Rg. Thus our result on the ratio of carbon stars to O-rich AGB stars in the Galaxy is also correlated inversely with the metallicity. The anti-correlation between the C/M ratio and the metallicity, which has been proposed as an important factor for deciding the C/M ratio in galaxies, is likely to be applicable also to our Galaxy.
As discussed above, the difference in the space distribution between carbon stars and O-rich AGB stars seems to be explained as due to the metallicity gradient in the Galaxy. However, it is an another interesting question why carbon stars show a uniform distribution in the Galaxy. Is the apparent uniformity of the distribution of carbon stars actually the result of fortuitous cancellation between the stellar density gradient and the metallicity gradient? Whether the uniformity is only the fortuitous result or an essential characteristic to be explained by correlating with the structure and/or the formation of the Galaxy is an important point to be clarified by further works. It is also interesting to clarify whether the carbon stars show a uniform distribution including in the GC region.
Conclusions
We have examined the space distribution of about 70 000 IRAS sources in the Galaxy paying attention in particular to the difference between the distribution of carbon stars and that of O-rich AGB stars. The longitude distribution of sources were examined by dividing sources into those with individual O-rich AGB stars are distributed with the highest stellar density at the GC and the density decreases with an increase in the Rg. On the other hand, carbon stars show a uniform distribution projected onto the Galactic plane within about 3.6 kpc of the Sun. Thus our result suggests that the space distribution of carbon stars is different from that of O-rich AGB stars on the large scale of the Galaxy.
On the basis of these results we conclude that the ratio of carbon stars to O-rich AGB stars increases with the increase in the Rg between about 5 and 12 kpc. This ratio is inversely correlated with the metallicity.
